The recent Zika virus (ZIKV) outbreak demonstrates that cost-effective clinical diagnostics are urgently needed to detect and distinguish viral infections to improve patient care. Unlike dengue virus (DENV), ZIKV infections during pregnancy correlate with severe birth defects, including microcephaly and neurological disorders. Because ZIKV and DENV are related flaviviruses, their homologous proteins and nucleic acids can cause cross-reactions and false-positive results in molecular, antigenic, and serologic diagnostics. We report the characterization of monoclonal antibody pairs that have been translated into rapid immunochromatography tests to specifically detect the viral nonstructural 1 (NS1) protein antigen and distinguish the four DENV serotypes (DENV1-4) and ZIKV without cross-reaction. To complement visual test analysis and remove user subjectivity in reading test results, we used image processing and data analysis for data capture and test result quantification. Using a 30-ml serum sample, the sensitivity and specificity values of the DENV1-4 tests and the pan-DENV test, which detects all four dengue serotypes, ranged from 0.76 to 1.00. Sensitivity/specificity for the ZIKV rapid test was 0.81/0.86, respectively, using a 150-ml serum input. Serum ZIKV NS1 protein concentrations were about 10-fold lower than corresponding DENV NS1 concentrations in infected patients; moreover, ZIKV NS1 protein was not detected in polymerase chain reactionpositive patient urine samples. Our rapid immunochromatography approach and reagents have immediate application in differential clinical diagnosis of acute ZIKV and DENV cases, and the platform can be applied toward developing rapid antigen diagnostics for emerging viruses.
INTRODUCTION
Genus Aedes mosquitoes transmit dengue virus (DENV) and Zika virus (ZIKV), which are related flaviviruses and important global pathogens that inflict a heavy burden on public health systems. Dengue has a wide distribution, with more than a quarter of the world's population at risk and hundreds of millions of new infections annually. There are four DENV serotypes, and infection with one of the four DENV serotypes fails to provide long-lasting immunity against the remaining three viral serotypes. Some reports suggest that disease severity varies among DENV serotypes (1) . ZIKV gained global attention in 2015 when thousands of clinical cases appeared suddenly in northern Brazil, with accompanying reports of devastating congenital defects, including microcephaly and Guillain-Barré syndrome. The World Health Organization subsequently declared ZIKV a global public health emergency.
Cost-effective diagnostics are urgently needed to detect and distinguish DENV and ZIKV, as well as other pathogenic viruses. The flavivirus nonstructural 1 (NS1) protein is a useful infection marker because of its release from infected cells into the bloodstream and its accumulation in dengue patients at concentrations up to 50 mg/ml (2) . A number of commercial DENV NS1 rapid tests have been reported and compared (3) (4) (5) (6) (7) (8) (9) . However, these studies were performed before the ZIKV epidemic, and a recent publication confirms DENV-ZIKV NS1 cross-reactivity using a commercial rapid test (10) . In addition, none of the commercial rapid tests distinguishes the DENV serotypes.
Combining NS1 with immunoglobulin M (IgM) and IgG detection in a dual test improves sensitivity and specificity for DENV compared to NS1 alone (3, 4, 8) . However, the primary antigen for IgG and IgM during flavivirus infections is the viral envelope (E) protein, and the similarity of the flavivirus envelope proteins fuels additional problems with cross-reactivity and false-positive test results (11) . There are currently no approved or widely used vaccines to prevent ZIKV or DENV infections nor low-cost rapid antigen-based diagnostics demonstrated to identify ZIKV infections without cross-reactive interference of related DENVs. Here, we describe viral NS1 antigen-based rapid tests that use monoclonal antibody (mAb) pairs to detect and distinguish the four DENV serotypes, as well as ZIKV, without cross-reactivity.
RESULTS

Approach for developing a rapid diagnostic platform to detect viral antigens
The stepwise approaches used to develop antigen-based rapid diagnostics are shown in fig. S1 and table S1. The percentages of amino acid homology and identity among flavivirus NS1 proteins are high (table S2) ; therefore, we reasoned that extensive and strategic screening would be required to identify mAbs that detect and distinguish the viruses in a rapid diagnostic test. We tested several commercial antidengue NS1 antibodies available from different vendors but found that native NS1 protein was not recognized or that there was clearly identifiable cross-reactive binding among the DENV serotype NS1 proteins. We therefore generated and characterized anti-NS1 antibodies ( fig. S1 and table S1). Groups of mice were injected separately with DENV1-4 recombinant NS1 (rNS1) protein or with ZIKV rNS1 protein. B cells from the spleen or lymph nodes were fused with mouse myeloma cells to generate hybridomas. Initial hybridoma screening (209 DENV hybridomas and 104 ZIKV hybridomas) was performed by enzymelinked immunosorbent assay (ELISA) using individual rNS1 protein as antigen (step 1; table S1). By screening the hybridoma supernatants against individual DENV1-4 NS1 or ZIKV NS1 proteins, the relative ELISA values provided an initial evaluation of differential binding properties for each antibody.
Because of the similarities among the DENV NS1 and ZIKV NS1 proteins (table S2) , each group of mice immunized with a single purified rNS1 protein yielded a pool of antibodies, showing both selective binding to a single DENV serotype or ZIKV NS1 and cross-reactive DENV and ZIKV antibodies ( fig. S2 ). ZIKV NS1 hybridomas produced from lymph node tissue represented a higher proportion of clones, showing minimal cross-reactivity with dengue NS1 or other flavivirus NS1 proteins, as compared to spleen cell hybridomas ( fig. S2 ). Using the relative ELISA values, 11 DENV mAbs and 10 ZIKV mAbs were selected for further analysis. In step 2 ( fig. S1 and table S1), hybridoma supernatants were used to stain permeabilized Vero cells that had been infected with known ZIKV or DENV viral serotypes. Flow cytometric analysis demonstrated that the mAbs recognized native NS1 protein expressed by virus-infected cells and provided a quantitative analysis of cross-reactive binding when ZIKV antibodies were used to stain DENV-infected cells and vice versa. The 11 DENV mAbs and 10 ZIKV mAbs recognized NS1 protein present in the virus-infected cells; therefore, the hybridomas were expanded, and the mAb isotypes were defined in preparation for affinity chromatography purification.
The purified antibodies were tested in immunochromatography pairs (step 3; fig. S1 and table S1), with one antibody conjugated to gold nanoparticles and one antibody adsorbed to nitrocellulose membrane. The 11 DENV hybridomas were tested in a matrix for interactions with DENV NS1 serotypes 1 to 4, ZIKV NS1, or without added antigen as a control. The 10 ZIKV mAbs were also tested in a matrix using ZIKV NS1, a mixture of the four DENV serotype NS1 proteins, or no antigen as a control. We tested 726 DENV combinations (11 × 11 × 6 = 726) and 300 ZIKV combinations (10 × 10 × 3 = 300). Testing throughput was increased by using the half-strip dipstick format (12) , where dipsticks are run in rapid format (about 20 min, depending on humidity conditions) by placing them in microcentrifuge tubes containing small-volume suspensions of conjugated nanoparticles and sample without need for sample paper pads and conjugate paper pads that are characteristic of lateral flow chromatography. The DENV and ZIKV matrices and the immunochromatography results are shown in table S3. Eight DENV mAbs and two ZIKV mAbs were ultimately incorporated into the rapid tests used to analyze patient samples. The 10 mAb names, their relative NS1 recognition values in initial screening, and the final application in the rapid tests are shown in Fig. 1A and table S4.
Linear peptide epitope mapping: Mechanisms of specific mAb-NS1 interactions To begin to define mechanisms of specific mAb-NS1 interactions, we performed linear peptide epitope mapping (step 4; fig. S1 and table S1). Libraries of tiled DENV NS1 peptides were spotted onto nitrocellulose membranes and incubated with antibody. After washing, positive signals were detected using an anti-mouse IgG antibody coupled to horseradish peroxidase for signal development. In a second approach, tiled peptides were synthesized on glass slides and incubated with each of the antibodies. Positive signals were detected by immunofluorescence microscopy and were scored. The epitope mapping data are summarized in Fig. 1 . mAb 7724.323 ("323") fits the definition of a pan-DENV NS1 antibody because it recognizes all four serotype NS1 proteins in the epitopes 109 to 124 amino acid region. Six antibodies used in the rapid tests (using suffix nomenclature only: 55, 323, 1, 130, 110, and 271) recognize the amino acids 109 to 124 epitope of the "wing" domain (amino acids 30 to 180) (13, 14) . However, with the exception of a few pairs with mAb 243, these six antibodies do not recognize the ZIKV NS1 protein (Fig. 1B and in the rapid tests. The shared DENV1-4 NS1 region D/ELKYSWKTWG (amino acids 110 to 119) (15) is not conserved in ZIKV NS1; rather, the comparable ZIKV NS1 region has a distinct amino acid sequence (Fig.  1B) , explaining how DENV NS1 mAbs, represented by the members of the 1/55/110/130/271/323 mAb group, do not cross-react with the ZIKV NS1 protein. mAb 243, which showed high specificity for DENV2 (tables S3 and S4), recognized peptides 313 to 330 in DENV2 NS1 (Fig. 1B) . The screening approaches, combined with the epitope mapping, contributed to selecting antibodies representing positional epitope diversity; that is, epitopes in both the wing/wing connector/ finger and b-ladder domains (Fig. 1) .
Matrix-based screening (table S3) revealed that the following pairs (nanoparticle/membrane) had optimal rapid test specificity: DENV1, 912/271; DENV2, 243/1; DENV3, 411/55; DENV4, 626/55. In addition, the 912 and 243 antibodies displayed excellent single serotype specificity for the DENV1 and DENV2 proteins, respectively. These antibodies might be predicted to work as 912/912 and 243/243 homopairs in detecting DENV1 and DENV2 NS1 dimers. However, experimental results showed that the limits of NS1 detection were improved by using hetero-pairs without sacrificing specificity; therefore, 912 was paired with 271, and 243 was paired with 1. For ZIKV NS1 detection, we used the 130/110 mAb pair, where both antibodies arose from the lymph node tissue approach ( fig. S2 ). The 411, 55, and 626 antibodies did not display the single serotype specificity observed with 912 and 243 (table S4) ; however, when used as pairs in the rapid tests, 411/55 (DENV3) and 626/55 (DENV4) showed excellent specificity. The mAb 323 recognized DENV1-4; however, we found that when used as a 323/323 homo-pair, the detection of DENV4 NS1 in the pan-DENV test was not optimal. Therefore, by conjugating a mixture of mAb on the pan-antibody nanoparticles (271, 243, 411, and 626), we achieved improved limit of detection results in the pan-DENV dipstick test. The linear peptide epitope mapping data provide an important framework for understanding the mechanisms of serotype-specific DENV detection and differential detection of DENV and ZIKV.
Laboratory validation of the rapid tests
The rapid diagnostic test reported here is an immunochromatography format with visual readout using anti-NS1 antibodies that are either coupled to gold nanoparticles or adsorbed to nitrocellulose membranes. Each test strip has a positive control area adjacent to the paper absorbent pad or wick; the positive control is an anti-mouse Fc domain antibody that will capture any of the antibody-conjugated gold nanoparticles to generate a positive control visual signal (Fig. 2) . Red/ purple spots or stripes at the NS1 test area reflect NS1 protein that is "sandwiched" between two antibodies; that is, a capture anti-NS1 antibody adsorbed to the nitrocellulose membrane at the control or test area and a second anti-NS1 antibody covalently coupled to visible gold nanoparticles. To test for binding specificity and cross-reactivity with each of the antibody pairs, we chromatographed dipsticks 1 to 4 (detecting DENV1-4), pan-DENV (P, detecting all four DENV serotype NS1 proteins), or ZIKV (Z) using solutions of the following rNS1 proteins (500 ng/ml): DENV1-4, ZIKV, West Nile virus (WNV), yellow fever virus (YFV), tick-borne encephalitis virus (TBEV), and Japanese encephalitis virus (JEV). Figure 2A shows DENV1-4, and Fig. 2B shows pan-DENV and ZIKV strips. The results demonstrate that specific NS1 signals were observed for each of the DENV serotype NS1 proteins on the appropriate strip (Fig. 2, arrows) . Strip 1 detected DENV1 rNS1 protein expressed by mammalian cells, with no detectable interaction with the other DENV serotype proteins or with other flavivirus rNS1 proteins. Similar results were observed with strip 2, where DENV2 NS1 was detected; also with strip 3, where DENV3 NS1 was detected; and with strip 4, where DENV4 NS1 was detected.
Dipstick "P" strips in Fig. 2B show the performance of the pan-DENV strip that detects all four DENV serotype NS1 proteins. The "Z" strips demonstrate the performance of the ZIKV strips. To prepare the pan-DENV nanoparticles, four mAbs (271, 243, 411, and 626) were covalently coupled as a mixture to gold nanoparticles, and mAb 323 ( Fig. 2B and table S4 ) was adsorbed to the nitrocellulose membrane. The data demonstrate that all four DENV serotype proteins were detected using the pan-DENV strip. Figure 2B (right) also shows the ZIKV strip detecting recombinant ZIKV NS1 protein (Z strips). These results indicate that the DENV and ZIKV strips are specific in detecting recombinant DENV serotype NS1 proteins or recombinant ZIKV NS1 protein without cross-reactivity interference from other flavivirus NS1 proteins.
The limits of detection for the pan-DENV, serotype-specific DENV, and ZIKV NS1 tests were defined by chromatographing dilutions of rNS1 proteins and then quantifying the signal intensities, normalizing them to the plateau maximum, and plotting sigmoidal data fits (Fig. 2, C to E). The limits of detection were calculated as the NS1 concentrations intersecting a line representing a signal intensity point fivefold greater than the SD of the background signal. The results show that the limits of detection for the DENV1-4 NS1 proteins ranged from~4 to 21 ng/ml, whereas the range was 1 to 11 ng/ml for the pan-DENV strip. These limits of DENV NS1 detection are far below the reported concentrations of DENV NS1 protein in serum (up to 50 mg/ml) (2). The limit of detection for the ZIKV strip was 18 ng/ml. Serum NS1 concentrations in ZIKV-infected patients have not been reported. For comparison with current NS1 rapid tests, we chromatographed DENV NS1 proteins on DENV NS1 rapid tests from Standard Diagnostics ( fig. S3 ). The results suggest that limits of detection for the DENV rapid tests that we developed (described in Fig. 2 ) are under 75 ng/ml, whereas the limit of detection for the Standard Diagnostics tests is between 75 and 150 ng/ml.
As a final validation step preceding patient sample analysis, the dipstick strips were tested in the laboratory by chromatographing native NS1 protein released by virus-infected Vero cells into cell culture supernatants (Fig. 2F) . Although the rNS1 proteins used in Fig. 2 were expressed by eukaryotic cells to optimize antigen protein folding with secondary modifications such as glycosylations, testing the binding of native NS1 proteins released by virus-infected cells is a more robust proxy for analyzing clinical serum samples. Vero cells were infected individually with DENV serotypes 1 to 4 or with ZIKV (MR766 Uganda or contemporary Asian/American strains). Cell culture supernatants were collected and chromatographed on the dipsticks in a manner similar to Fig. 2A . The data in Fig. 2F show the recognition of test dipsticks 1 to 4, as well as the pan-DENV strip, with each of the DENV1-4 Vero cell supernatants. These results are evidence that native NS1 protein expressed by DENV-or ZIKV-infected Vero cells yielded positive signals on the corresponding DENV1-4, pan-DENV, and ZIKV dipstick tests, without detectable cross-reactive binding (arrows).
As a comparison with current commercial DENV rapid tests, we chromatographed NS1-containing supernatants from ZIKV-infected Vero cells on Standard Diagnostics DENV rapid tests. In contrast to the lack of cross-reactivity observed in These results support a premise of this work that consideration of DENV/ZIKV NS1 cross-reactivity is essential in evaluating rapid diagnostics.
Validating the immunochromatography tests using clinical serum samples
We next turned to detecting ZIKV and DENV NS1 in a retrospective study of de-identified surveillance serum samples from human patients. Serum samples were tested in Brazil, Mexico, Colombia, Panama, Guatemala, and India (Fig. 3A) , following approved human subjects use protocols. The sera were banked frozen samples representing blood that was drawn from febrile patients during routine care. Before using the rapid tests, the DENV and ZIKV serum samples were validated by reverse transcription polymerase chain reaction (RT-PCR), and positive tests were also evaluated using a laboratory-generated ELISA. The pan-DENV ELISA (Fig. 3B , left) was validated by testing supernatants of Vero cells infected with molecularly defined DENV or ZIKV isolates. As expected, the supernatants from DENV-infected Vero cells gave high signals in the DENV ELISA (lane 1), but no signal in the ZIKV ELISA (lane 6); ZIKV NS1 was detected from ZIKV-infected cell supernatant in the ZIKV ELISA (lane 7) but did not cross-react in the DENV ELISA (lane 2). Serum samples from uninfected patients were not recognized in the ELISAs (Fig. 3B, lanes 3 and 8) . However, serum samples from DENV-infected patients yielded strong ELISA signals in the DENV ELISA (lane 4), but not in the ZIKV ELISA (lane 9). Conversely, sera from ZIKV-infected patients did not yield signal in the DENV ELISA (lane 5) but gave clear signals in the ZIKV ELISA (lane 10). These results strongly suggest that the validated ELISA detected DENV NS1 and ZIKV NS1 proteins without cross-reactivity interference. In the analysis of 25 ZIKV infections and 51 DENV infections, the serum NS1 concentrations were found to be lower in ZIKV-infected patients (lane 10) than in DENV-infected patients (lane 4). The concentrations of NS1, about 30 ng/ml (ZIKV) and 120 ng/ml (DENV), are consistent with other reports of low ZIKV viremia (16) . The availability of the DENV and ZIKV ELISAs (Fig. 3B ) allowed us to validate ZIKV serum samples for subsequent testing in the dipstick rapid tests.
Representative serotype-specific DENV detection using deidentified surveillance serum samples is shown in Fig. 3C . Each sample was tested using a panel consisting of five strips, with strips 1 to 4 recognizing DENV serotypes 1 to 4, respectively, and strip P recognizing all four serotype NS1 proteins (pan-DENV, confirming DENV infection). Although the specific serotype signals are visually apparent, to remove any subjectivity in reading and interpreting the results, we captured images of the test strips using a mobile phone camera and performed automated image recognition and processing using ImageJ to objectively quantify the data. Figure 3 (D to G) demonstrates that each of the specific serotype signal signals was statistically distinct from the other serotype signals (P < 0.001). A representative example of serum from a ZIKV-infected patient chromatographed on the ZIKV dipstick ( Fig. 3C, right; ZIKA) shows that the serum sample (Z) is positive, but serum from an uninfected patient (q) is negative. Quantification in Fig. 3H also demonstrates that test signal intensities were distinct from uninfected patients.
To test for DENV/ZIKV NS1 cross-reactivity, we chromatographed supernatants from Vero cells infected with DENV4 on DENV serotypespecific dipsticks 1 to 4, the pan-DENV dipstick (P), and the ZIKV NS1 dipstick (Z). Supernatant from Vero cells infected with DENV serotype 4 was detected, as expected, in strip 4 and the pan strip (P) (arrows); however, there was no detectable signal in the ZIKV strip (Fig.  3I) . Comparable experiments were run with supernatants from cells infected with the other three DENV serotypes, and the expected results were observed (Fig. 3I) . Alternatively, when supernatant from C6/36 insect cells that were infected with ZIKV (strain NR-50210, Human/2016/Panama) was tested, there was no signal in strips 1 to 4 and P, but positive signal in strip Z was detected (Fig. 3J, arrow) . ZIKV nucleic acid has been detected in the semen (17) , and DENV NS1 has been detected in the urine (18, 19) ; however, the presence of ZIKV NS1 in the urine of infected patients has not been confirmed. We obtained three paired patient samples of acute PCR-positive ZIKV serum and urine and concentrated each fivefold using a centrifugal filter. The chromatography results show positive signals and detection of ZIKV NS1 in the serum samples (Fig. 3K , strips labeled "S" at top), but no signal in any of the urine samples (strips labeled "U" at top). Quantifications in Fig. 3 (L and M) indicate that the ZIKV and DENV NS1 antigen strips do not cross-react. Quantification of NS1 from five serum/urine pairs is shown in Fig. 4N . Overall, the results shown in Fig. 4 demonstrate serotype-specific DENV NS1 and ZIKV NS1 detection in clinical serum samples, without detectable crossreactivity interference.
Rapid test detection window
Rapid test NS1 detection was correlated with days after onset of symptoms when disease metadata were available. Because the DENV human serum samples used in this study were retrospective frozen surveillance samples, metadata were not available in all cases. Metadata from DENV samples from India and Colombia, as well as ZIKV samples from Guatemala and the Dominican Republic, included the fever onset day and fever duration. Normalized rapid test signals for DENV and ZIKV detection are shown in fig. S5 (A and B, respectively) . The results suggest that the DENV rapid tests detected DENV NS1 at days 2 to 5 after onset of symptoms, in agreement with published results (6) . The ZIKV test detected ZIKV NS1 at days 2 to 8 (fig. S5B) ; however, greater numbers of samples and controlled clinical studies will be needed in future work to confirm the detection window. For comparison, RT-PCR-based virus detection has been reported for DENV (20) , and also ZIKV, as measured in nonhuman primates (21) .
Test data were analyzed further to define sensitivity (identifying true positives; individuals who have disease) and specificity (true negatives; individuals without disease). We evaluated sensitivity and specificity as a function of an intensity cutoff value, above which a test was scored positive and below which a test was considered negative. Receiver Operating Characteristic (ROC) curves illustrate the performance of the rapid tests as a function of the discrimination threshold, plotted as sensitivity versus 1 − specificity in Fig. 4A ; numerical values are shown in Fig. 4B . The areas under the ROC curves are a proxy of test performance, where 1 represents a perfect test, and 0.5 represents a random predictor. We measured areas of 0.88, 0.96, 1, 0.98, 0.95, and 0.82 for DENV1, DENV2, DENV3, DENV4, pan-DENV, and ZIKV, respectively. The calculated optimal cutoff values were 1.14, 1.18, 1.12, 1.37, 1.9, and 1.08 for DENV1, DENV2, DENV3, DENV4, pan-DENV, and ZIKV, respectively, using a bootstrap technique with 1000 iterations. Sensitivity is defined as the number of measured positives divided by the total confirmed positives, and specificity is defined as the measured negatives divided by the total of confirmed negatives. Using the optimal cutoff value, the test sensitivity and specificity were as follows: 0.76 (13/17) Accurate pathogen identification is essential, a goal that is complicated when distinguishing closely related cocirculating viruses such as DENV and ZIKV, which have markedly different risk profiles. The similarity of clinical symptoms is a compounding problem in many cases and also a justification for improved diagnostics that provide accurate data on which to base clinical decisions. DENV, ZIKV, and chikungunya (an alphavirus) infections exhibit common symptoms including varying degrees of fever, headache, myalgia, arthralgia, nausea, and rash, with hemorrhagic fevers as outcomes of severe infections in about 1% of infected individuals (22) . However, the ZIKV outbreak stunned the virology and medical communities with a distinct set of risks and severe outcomes not previously associated with flavivirus infections, including fetal microcephaly and Guillain-Barré syndrome. Because DENV and ZIKV have major impact on economically challenged countries in the tropics, our approach has been guided by the World Health Organization acronym "ASSURED" to describe the ideal characteristics of a diagnostic test that can be used at all levels of the health care system: affordable, sensitive, specific, user-friendly, rapid, equipment-free, and delivered to those who need them (23, 24) . This report describes DENV rapid tests that specifically detect the viral NS1 protein to identify and distinguish the four DENV serotypes without observed cross-reaction with ZIKV. Despite the high percentages of homology and identity among the flavivirus NS1 proteins (table S2), our screening strategy ( fig. S1 and table S1) identified antibody pairs that detected and distinguished the four DENV serotype NS1 proteins, as well as ZIKV NS1 (recombinant and expressed by virus-infected cells), without detectable cross-reactive interactions. These results are important for several reasons. First, we have identified antibody pairs that distinguish closely related NS1 proteins and applied them to create rapid tests. Success in detecting/distinguishing the individual serotypes was dependent on (i) immunizing groups of mice with the native dimer/hexamer forms of rNS1 proteins that were expressed by eukaryotic cells; (ii) initiating hybridoma screening against multiple NS1 proteins in parallel, enabling us to use ELISA and flow cytometry methods to sort and select from the most diverse pool; and (iii) performing systematic unbiased pairwise screening of the selected clones to identify specific antibody pairs to recognize specific serotypes (table S3) . Similar approaches may be used to identify and distinguish other closely related proteins. Second, epidemiological surveillance is a second area of importance for serotype-specific detection and is a critical component of patient care and public health preparedness (16, 25, 26) . The serotype-specific tests described here could be used in inexpensive patient screening during routine medical care to identify not only incoming serotypes but also patients in endemic areas who may have asymptomatic infections. The introduction of an additional DENV serotype into a region may cause outbreaks with severe hemorrhagic fever presentation because the individual serotype infections do not provide long-lasting cross-protection, and heterologous infections increase the hemorrhagic fever outcome of dengue. Therefore, we propose that rapid testing may diminish the impact of emerging epidemics by enabling early detection of outbreaks. Third, serotype-specific detection has implications for DENV vaccine development because current vaccine candidates may not show equal protection across the serotypes (27) , and knowledge of circulating serotypes can inform trials and outcomes. Finally, the approaches for rapid tests described here represent a platform that can be applied toward detecting the future emergence of new pathogens. Kuno et al. (28) report about 70 viruses in the genus Flaviviridae alone, and the methods described here can be applied toward detecting and distinguishing other potentially emergent flaviviruses while minimizing cross-reactivity.
In addition to detecting and distinguishing DENV serotypes, we report here a rapid test for ZIKV NS1. Laboratory testing demonstrated that the ZIKV NS1 test does not cross-react with DENV NS1 (Figs. 2 and  3 , and table S4). Detection without cross-reaction was also confirmed using patient samples (Fig. 4) . Detecting ZIKV NS1 in patient samples was more challenging than detecting DENV NS1 because ZIKV NS1 concentrations were about 10-fold lower than DENV patient NS1 (Fig. 3) . We addressed this by concentrating the sera using a centrifugal filter (a 5-min centrifugation at 10,000g). As shown in Fig. 4 , ZIKV NS1 was detectable in samples that were concentrated fivefold; that is, to 30 ml from a starting volume of 150 ml. Although urinary DENV NS1 has been reported (3, 29) , ZIKV NS1 was not detected here in 5× concentrated urine samples, either by ELISA or rapid tests. We cannot rule out the possibility that urinary ZIKV NS1 is present at concentrations that are below detection by our assays.
The use of image processing and computer software to analyze rapid tests has been described previously in nonclinical analysis (30, 31). Mobile image capturing and image processing ensure objective and quantified data under varied use conditions and signal intensities and generate standardized data that can be shared and compared on a global basis. Tests showed both very high signal intensities, especially with DENV detection, and low signal intensities, often with ZIKV NS1 (Figs. 3 and 4) . However, low signal intensity is not restricted to ZIKV because DENV NS1 signals can also be very low immediately after the onset of disease symptoms (days 0 to 1) and also about 6 to 7 days after onset of symptoms when the virus is being cleared (32) . Although the human eye is extremely sensitive, machine vision offers improved performance for quantitative measurement (33). Andries et al.
(34) reported wide differences in sensitivity and specificity when different people at different sites evaluated the same diagnostic. These observations suggest that training and oversight are required in the use of rapid tests (34) . Image processing and data quantification, as described here, avoid errors in user-based interpretation. The approach is independent of computation capacity of the phone because the computation is performed "in the cloud". Immediate Internet connectivity is not required in field applications of the tests because our store-and-forward software enables the coded de-identified image data to be stored on the phone and uploaded or transferred at later times for analysis. The ubiquity of mobile phones allows test users to obtain an objective analysis based on a common algorithm shared across a global network. The DENV and ZIKV tests described here compare very well with rapid tests described previously (4, 6, 7, 9, (34) (35) (36) , with the added crucial benefit of avoiding detectable cross-reactivity between ZIKV and DENV and among ZIKV/DENV and a number of other flavivirus NS1 proteins. Nonetheless, the current DENV and ZIKV tests described here have some limitations, and opportunities for improvement remain. Using whole blood rather than serum would simplify use as a point-ofcare diagnostic in the clinic. The tests reported here were performed using serum because the clinical samples available for retrospective analysis in the endemic areas were frozen serum samples that were validated for virus infection by RNA extraction and nucleic acid amplification and/or by ELISA for the NS1 protein. For whole-blood analysis, we have developed and successfully tested lateral flow chromatography devices that incorporate our antibodies and use a specialized sample pad paper that removes red blood cells; therefore, we do not anticipate the use of blood as an obstacle for future versions of the rapid tests. The sensitivity and specificity of the ZIKV tests ranged from 0.7 to 1.0. The sample availability for Zika testing was very limited because of the fact that ZIKV is an epidemic that only recently emerged. Further ZIKV testing and device optimization will be possible as the availability of patient samples improves. The current state of research is that it is very difficult to obtain validated acute-phase ZIKV patient samples with complete metadata, a challenge that is also reflected in single sample data points reported recently from the ZIKV outbreak in Florida, USA (37) . Viral NS1 concentrations vary in individual patients and with time after infection (38) . ZIKV test performance was improved by concentrating serum samples. Although centrifugation often requires instrumentation and power, in contradiction with the ASSURED paradigm, unpowered "whirligig" centrifugation devices have been described recently (39) , which could concentrate samples or separate serum while meeting the ASSURED criterion of "equipment-free." The concentration step was not needed to detect serum ZIKV NS1 using the laboratorymade ELISA with 150 ml of serum. A rapid test that could accommodate a 150-ml sample volume (currently limited by the wick absorption) may permit greater sensitivity, although it would likely be necessary to increase the number of conjugated nanoparticles used in the test.
Device cost and detection during secondary infections are important issues to consider. The current cost for each strip (Figs. 3 and 4) is nearly $5.00, which is due primarily to using commercial gold nanoparticles, coupled with small-scale antibody production. The cost of the nanoparticles can be decreased by 1000-fold by using laboratory-made nanoparticles that have excellent performance (fig. S6) ; antibody production scale-up will further decrease costs. We considered the possibility that the efficacy of our rapid tests for detecting NS1 might be compromised in secondary dengue infections, where circulating anti-NS1 antibodies could bind NS1 to form immunocomplexes that would shield NS1 from recognition by the rapid test antibodies. Using our DENV diagnostic, we tested a number of confirmed secondary dengue infection samples that had been confirmed by serological rapid tests and hemagglutination tests that established relative IgG/IgM concentrations. We successfully detected DENV NS1 protein in secondary infections ( fig. S7 ), consistent with a recent report (40) . We speculate that detecting NS1 in secondary dengue infections might be more feasible than detecting envelope (E) protein because the interfering anti-E antibodies are present in larger quantities in the serum and in higher amounts compared with the anti-NS1 antibodies. Therefore, a test based on E detection may be blocked via competition between serum polyclonal antibodies and the mAbs used in the nanoparticle.
The rapid NS1 antigen test described here is effective only when analyzing samples collected during the acute phase of the virus infection, when flavivirus RNA and NS1 are detectable, before virus clearing by the immune system. Serological tests for anti-envelope protein IgG/IgM or anti-NS1 protein IgG/IgM are useful for evaluating patients' postacute phase. Several companies are marketing DENV and ZIKV IgG/ IgM tests, although in many cases, their cross-reactivity has not been evaluated. A new approach, reported recently, shows high sensitivity and specificity for ZIKV immunoglobulins (41) . We propose that optimal patient care will be provided through the use of several diagnostic approaches that are applicable for a range of clinical needs. Rapid immunochromatography tests are well suited for fast turnaround times without need for specialized reagents, equipment, or trained personnel. Rapid tests are generally low cost, can often be transported without refrigeration, and can be used in austere environments. Nucleic acid amplification methods are highly specific, with low limits of detection as compared to immunochromatography strips; however, disadvantages include requirements for equipment powered by electricity/batteries, specialized reagents, and a cold chain for maintaining enzyme activity. Synthetic biology approaches (42) may offer a hybrid approach wherein the simplicity of paper diagnostics can be combined with isothermal nucleic acid amplification. There is great need for all of these technologies to improve the time to diagnosis in patients infected by pathogens worldwide.
In summary, we identified here mAb pairs and developed rapid tests that detect and distinguish DENV NS1 antigen for serotypes 1 to 4, pandengue, and ZIKV NS1 without detectable cross-reactivity. We report the limits of detection of each antibody pair, demonstrating that DENV NS1 can be detected using serotype-specific tests and pan-DENV tests in the range from 1 to 20 ng/ml and ZIKV NS1 detection at about 20 ng/ml. The strips have been validated using rNS1 protein, NS1 present in the supernatants of virus-infected Vero cells or C6/36 cells, and NS1 protein present in clinical serum samples from several geographic areas in the Americas and India. The use of a mobile phone camera linked to ImageJ analysis of the rapid tests permitted objective analysis of the test data. Together, we demonstrate that we have developed and characterized NS1 antigen tests capable of distinguishing the DENV serotypes and detecting ZIKV and DENV infections without cross-reactivity, in anticipation of broader clinical applications.
MATERIALS AND METHODS
Study design
The overall objective of the study was to develop and validate a platform approach for producing low-cost paperfluidic rapid antigen tests to detect viruses while minimizing cross-reactivity and false-positive signals. The platform approach centers on screening mAbs against panels of multiple flavivirus NS1 antigens to assess binding specificity, relative binding affinity, and cross-reactivity. DENV and ZIKV are the focus of this report; however, the approach can be used with any of the estimated 70 flavivirus NS1 proteins. mAb linear epitope-binding sites were defined, and the antibodies were tested pairwise in dipstick tests to identify those that yielded specific NS1 binding without detectable cross-reactivity. Limits of detection were defined using rNS1 proteins. The dipstick tests were validated in endemic areas using de-identified serum samples that were collected from febrile patients. Most of the testing was performed on-site in Central America, South America, and India. The serum samples were validated using nucleic acid amplification methods and NS1 ELISAs to generate validated test panels. To remove subjectivity from the test result readings, mobile phone cameras were used to capture test strip images, and the test signals were quantified using ImageJ. These quantitative data were then used to generate test sensitivity and specificity values using ROC analysis. mAb production strategy DENV and ZIKV anti-NS1 mAbs were produced in mice under contract (Covance Inc.), following an approved animal care protocol. BALB/c mice were immunized with purified recombinant DENV NS1 or ZIKV NS1 proteins that were expressed in mammalian cells (Native Antigen Co.) to facilitate protein folding and posttranslational modifications. From each of the immunized groups, one seroconverted animal with high titers of antibodies recognizing a pool of the NS1 DENV antigens was used for cell fusion to generate hybridomas. Supernatants from cloned hybridomas were tested by ELISA to generate "fold over background" values that gave us an approximate idea of serotype specificity or DENV/ZIKV specificity (see table S4 ). From thẽ 200 DENV hybridomas and 100 ZIKV hybridomas identified in the initial screening (table S1), supernatants from 30 DENV clones and 16 ZIKV clones were used to stain virus-infected Vero cells, followed by flow cytometric analysis. This step was included to ensure that the selected hybridomas produced antibodies that recognized native NS1 protein expressed by virus-infected cells. About 15 anti-DENV NS1 hybridomas and 16 anti-ZIKV NS1 hybridomas were expanded and grown in low IgG serum (Invitrogen) containing hybridoma cloning supplement (Roche). The expressed mAbs were isotyped and purified by affinity chromatography on a protein L or A matrix (GE Healthcare). Purified antibodies were concentrated and buffer-exchanged into phosphate-buffered saline (PBS). Eleven purified DENV antibodies were then tested pairwise in immunochromatography tests, as were 10 ZIKV antibodies to identify pairs that exhibited high differential NS1 binding and low nonspecific background interactions.
Anti-ZIKV mAbs were generated using a modified immunization and B cell harvest protocol. Both a rapid lymph node approach (B cell isolation from lymph nodes and cell fusion at 23 days after immunization) and the more traditional spleen B cell hybridoma method (B cell isolation from B cells and cell fusion at 105 days after immunization) were used. To select antibodies with minimal potential for cross-reactive DENV NS1 recognition, we also applied an enhanced screening approach. About 100 anti-ZIKV NS1 hybridoma supernatants were screened by indirect ELISA against not only ZIKV NS1 protein but also DENV1-4 NS1 proteins, as well as a panel of flavivirus NS1 proteins including WNV, Usutu virus, TBEV, and JEV. The antibody distribution data ( fig. S2, right) demonstrate that the proportion of ZIKV NS1-specific antibodies was higher for the lymph node fusion approach than the traditional spleen cell fusion method. From the starting pool of about 100 anti-ZIKV mAbs, 16 anti-ZIKV mAbs were selected for step 2 by flow cytometric analysis.
Antibody conjugation to nanoparticles
Forty-nanometer gold nanoparticles were purchased from Innova Biosciences. The serotype-specific DENV nanoparticle-antibody conjugates and the ZIKV nanoparticle-antibody conjugates were prepared according to the manufacturer's instructions. For single antibody conjugations, the antibody was first diluted to 0.1 mg/ml in the supplied dilution buffer. Next, 12 ml of diluted antibody was mixed with 42 ml of reaction buffer. Forty-five microliters of the mix was then used to suspend the lyophilized gold nanoparticles [particles with an optical density at 20 nm (OD 20 ) ]. The antibody-nanoparticle mix was incubated for 10 min at room temperature, followed by the addition of 5 ml of proprietary quencher solution to stop the coupling reaction. After adding the quencher solution, 100 ml of 1% Tween 20 in PBS and 50 ml of 50% sucrose in water were added to the conjugates before use in immunochromatography. The pan-DENV nanoparticles used for detecting all four DENV serotypes were conjugated using a mixture of four different antibodies. These particles were created by preparing 12 ml of solution containing each of the four antibodies (MA724.271, MA7732.243.108, MA724.411, and MA726.626) at a final concentration of 0.1 mg/ml (final total antibody concentration, 0.4 mg/ml). Twelve microliters of the resulting antibody mixture was then mixed with 42 ml of reaction buffer and processed according to the same protocol as the other conjugates.
Antibody application to nitrocellulose membranes Nitrocellulose membrane (HF18002XSS, EMD Millipore) was cut into strips using a laser cutter (Universal Laser Systems; model VLS2.30; 30 W) at 30% power and 90% speed. The strip pattern was designed in Adobe Illustrator. Strips were attached to a wick (GB003, Gel Blot Paper) with adhesive paper (MIBA-010 Backing Card, 0.51-mm thickness; DCN Diagnostics). For the positive control area, 0.33 ml of anti-mouse Fc antibody (1 mg/ml; AQ127, EMD Millipore) was spotted on the control line. The anti-NS1 capture line on the nitrocellulose was generated by pipetting 0.33 ml of anti-DENV NS1 antibody (4 mg/ml) at the NS1 test area. Strips were air-dried and stored in a desiccator at room temperature before use.
Immunochromatography
Each immunochromatography strip was run in a separate microcentrifuge tube, and groups of tubes/strips were run together. The rapid test solution contained (i) 30 ml of human acute DENV/ZIKV/uninfected serum sample, (ii) 30 ml of fetal calf serum, (iii) 5 ml of proprietary quencher solution (Innova Inc.), and (iv) 16 ml of conjugated gold nanoparticle mix (see antibody conjugation to nanoparticles). The run time varied with the sample and humidity; it was always less than 1 hour and sometimes as short as 15 min. The strips were left to dry and then imaged for quantitative signal analysis.
ELISA for the detection and quantification of circulating ZIKV and DENV NS1 Ninety six-well plates (flat bottom high binding, CoStar; cat. no. 3590) were coated with 100 ml per well of optimized doses of mAb 110 diluted in 1× PBS (ref. 10010-023, Gibco) and incubated overnight at room temperature. After blocking with 5% nonfat dry milk (cat. no. sc-2325, Santa Cruz Biotechnology) and 0.05% Tween 20 (cat. no. p-1379, Sigma-Aldrich) in 1× PBS (5% blotto) for 1 hour, serial dilutions of rNS1 proteins from ZIKV, DENV, YFV, WNV, JEV, TBEV (all starting at 2000 ng/ml in 2.5% blotto), or undiluted serum/plasma samples or supernatant of ZIKV-or DENV-infected Vero cells were added and incubated for 2 hours at room temperature. To detect ZIKV NS1, the plates were washed three times with 0.1% Tween 20 in 1× PBS (wash buffer), followed by the addition of 100 ml per well of optimized doses of biotin-labeled mAb 130 diluted in 2.5% blotto, followed by incubation for 1 hour at room temperature. After another washing step, 100 ml per well of peroxidase-labeled streptavidin (1 mg/ml; Thermo Fisher Scientific, cat. no. 21130) was added, and the plates were incubated for 1 hour at room temperature. Finally, the plates were developed with tetramethylbenzidine single solution (cat. no. 002023, Life Technologies), and the reaction stopped with 50 ml per well of 2 M sulfuric acid (cat. no. 8315-32, Ricca Chemical Company). A TriStar LB 941 spectrophotometer (Berthold Technologies) was used to read the plates at a wavelength of 450 nm. In the quantitative ELISA for the detection of DENV NS1, a protocol similar to ZIKV NS1 ELISA was followed, using the anti-DENV NS1 mAb 323 as capture antibody and the biotin-labeled mAb 323 as detection antibody. A standard curve was generated with addition of mixed rNS1 protein from DENV1-4 (Native Antigen Co.), starting at 2000 ng/ml. The samples were diluted 1/100 in 2.5% blotto and run in duplicate. The mean OD 450 of the negative controls (samples with previously known undetectable NS1) were 0.12 and 0.15 for ZIKV and DENV NS1 ELISA, respectively. Wells where only 2.5% blotto were added had similar OD 450 . The limit of detection of the assays was taken as the concentration of ZIKV and DENV rNS1 proteins with at least twofold higher OD 450 than the background (samples with undetectable NS1). When analyzing clinical samples, the correlation coefficients of the standard curves of recombinant ZIKV and DENV NS1 were ≥94%, and the duplicate variability was <10%. Calculating the concentration of ZIKV NS1 was performed by interpolation of the OD 450 of the samples to the standard curve using four-parameter logistic regression with GraphPad Prism software version 7.0.
Patient serum samples
Each of the collaborating laboratories contributed a panel sample size of 6 to 20 de-identified retrospective serum samples. Massachusetts Institute of Technology (MIT) Institutional Review Board (IRB) and local IRBs approved the protocols for purposes of pathogen identification. Virus identity in human serum samples was confirmed by nucleic acid amplification (RT-PCR). Dengue infections were confirmed using Lanciotti primers (43) . The following primers and probe sequences for ZIKV were provided by U.S. Centers for Disease Control and Prevention (CDC), Puerto Rico: 5′-CCGCTGCCCAA-CACAAG-3′ (1086f ZIKV), 5′-CCACTAACGTTCTTTTGCAGACAT-3′ (1162 ZIKV), and 5′-FAMAGCCTACCTTGACAAGCAGTCAGA-CACTCAA-3′ (1107-FAM). The serum panels used for the retrospective rapid test analysis of DENV and ZIKV acute sera were stored at each of the collaborating laboratories at −80°C until use. To use the serum samples in immunochromatography, we first passed the serum through a Spin-X Centrifuge tube filter with a 0.2-mm nylon filter (cat. no. 8169, CoStar) to remove any cryo-aggregates. For ZIKV detection, 150 ml of cleared filtered serum was then concentrated five times using a centrifugal filter (cat. no. UFC503096, Amicon Ultra; 0.5 ml, 30 K) that was centrifuged for 10 min at 13,000 rpm using an Eppendorf tube centrifuge. If sufficient volume of the serum sample was available (100 ml), it was analyzed using the laboratory ELISA as described above. A sample size of 30 ml of DENV serum, or 30 ml of 5× concentrated (from 150 ml) ZIKV sample serum or urine, was used for the rapid tests.
Image analysis
Rapid test results were analyzed using image processing software to machine-read and quantify test results. After completion of the test run, the strips were taped to a sheet of paper with a printed red box outline that was slightly larger than the strip length. Within the red box, short black vertical lines served as fiducial markers for image processing, separating the strips and identifying top/bottom. The image of the strip inside the red box was captured with a mobile phone camera and analyzed using an ImageJ macro to quantify test results. ImageJ is used as a public domain image analysis software. The ImageJ macro provided instructions to localize and scan the positive control area and test area in each test. Briefly, a Workflow (DeskConnect Inc.) script was written to run on the mobile phone, with instructions to Global Positioning Systemlocalize where the image was captured, followed by uploading to Dropbox. A Python script running on a desk computer was activated upon Dropbox sync, calling ImageJ to perform the image analysis on the uploaded file. An ImageJ macro identified the red square and black line fiducial markers, followed by drawing a rectangle in between the black markers, on the strips. ImageJ quantified the signal at the test area and blank/background area and generated a normalized intensity, calculated by dividing the maximum intensity value at the test band by the average value of a blank area in each test strip. Test data were stored and used later for sensitivity/ specificity and ROC curve analysis.
Limits of detection
Limits of detection for each of the antibody pairs were measured using rNS1 proteins antigens. Antigen solutions were diluted serially and chromatographed on DENV1-4 dipsticks, the pan-DENV dipstick (P), or the ZIKV dipstick (Z). The signal intensities were quantified (ImageJ), normalized by the intensity at the highest concentration, plotted against antigen concentration, and fit to a sigmoidal curve. The limit of detection was calculated from the sigmoidal curve fit as the NS1 concentration found at the intersection with a line representing the value of 5 times the SD of background signal intensity. Background was determined by analyzing triplicate strips in nitrocellulose areas outside of the test and positive control regions.
NS1 detection in secondary dengue infections
To define primary and secondary dengue infection samples, we tested paired acute/convalescent serum samples from a Venezuelan cohort (44, 45) using a standard hemagglutination assay (4, 46) where virus particles bind to sialic acid residues on the surface of red blood cells, causing the red blood cells to agglutinate. Serum dilutions are added to the assay, and antivirus antibodies present in serum bind to virus particles and thereby inhibit the agglutination. The dilution factor marking the interface of hemagglutination inhibition/no inhibition is a measure of antivirus (specifically anti-envelope protein) antibodies. The World Health Organization has defined primary dengue infections as those with hemagglutination inhibition antibody titers equal to or less than 1:640, whereas secondary dengue infections have been defined as those with titers of equal to or greater than 1:1280. For the work reported here, diluted patient serum samples from dengue-infected patients were mixed with red blood cells, and agglutination status was scored. Samples with antibody titers >1280 were defined as secondary infections and analyzed for NS1 detection using the rapid tests.
ROC analysis (ROC curves)
The individual rapid tests (DENV1-4, pan-DENV, and ZIKV) were validated using PCR-and/or ELISA-confirmed serum samples containing variable NS1 protein concentrations, resulting in normalized test signal intensities (test signal intensity/background signal intensity) ranging from 0.5 to 5. On the basis of these data, MATLAB was used to plot and calculate ROC curves, as well as to find the optimal cutoff values for each rapid test type (DENV1-4, pan-DENV, and ZIKV). In practical use, rapid tests with normalized intensity values greater than the cutoff are defined as positive, whereas those with normalized intensity values less than the cutoff are negative. To generate the optimal cutoff values and ROC curves, we used ImageJ to scan each of the test strips, yielding a signal intensity for each test area and also for background in an area of the strip outside of the test and control areas. These normalized intensity values were inputs to a MATLAB script. The script used theoretical cutoffs between 0.5 and 5 and calculated both the sensitivity (number of true positives divided by total confirmed positive values) and specificity (number of true negatives divided by the total confirmed negatives) at each of the theoretical cutoffs. After calculating the sensitivity and specificity at each theoretical cutoff, the optimal cutoff value was defined as the highest sum of sensitivity and specificity. In this way, the optimal cutoff value reflected the optimal sensitivity and specificity performance of the test. To calculate the confidence intervals, we fitted the ImageJ intensity measurements with a generalized linear regression model with binomial distribution and a link logit function using MATLAB's fitglm function. MATLAB's perfcurve function with a bootstrap of 1000 was used to evaluate the linear regression model and calculate the 95% confidence intervals of the areas under the curve, sensitivity, and specificity. The optimum cutoffs obtained for patient samples were 1.14, 1.18, 1.2, 1.37, 1.19, and 1.08 for lanes 1, 2, 3, 4, pan-DENV, and ZIKV, respectively.
Statistical analysis
Origin (OriginLab Corporation) was used to calculate and graph the data. In the box-and-whisker plots, the black × represents the maximum and minimum measured normalized intensity values, whereas the black box (☐) represents the mean value, and the larger box represents the 25 to 75% range of the data. Individual colored points represent individual patient samples measured. Unpaired, two-tailed t test or one-way ANOVA was performed to test for statistical significance, as indicated in the figure legends. Individual subject-level data are shown in table S5.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/409/eaan1589/DC1 Materials and Methods Fig. S1 . Stepwise strategy for identifying mAbs that differentiate the closely related NS1 proteins of DENV1-4 and ZIKV. Fig. S2 . Repertoire of antigen-specific antibodies among DENV and ZIKV mAbs. Fig. S3 . Limit of detection comparison. Fig. S4 . The Standard Diagnostics DENV NS1 test cross-reacts with ZIKV NS1 protein. Fig. S5 . DENV NS1 and ZIKV NS1 detection expressed as days after onset of fever symptoms. Fig. S6 . Laboratory-made gold nanoparticles for detecting DENV NS1 in rapid test format. Fig. S7 . NS1 detection by rapid tests in secondary infections. Table S1 . Stepwise description of the approaches used to define antibodies that detect and distinguish DENV1-4 NS1 and the ZIKV NS1 proteins. Table S2 . Amino acid homology and identity among DENV NS1 and ZIKV NS1 proteins. Table S3 . Matrix of mAb pair trials. Table S4 . List of mAbs used in the rapid tests, relative binding values, and summary of final use in the DENV and ZIKV immunochromatography tests. Table S5 . Individual subject-level data. References (47, 48) 
